An experimental study with an A356-AlSiMgFe alloy was developed to evaluate the microhardness performance in the microstructure resulting of an unsteady-state horizontal solidification process. The Al-7wt%Si-0.3wt%Mg-0.15wt%Fe alloy was elaborated and directionally solidified in a water-cooled horizontal solidification device. In order to experimentally determine the cooling and growth rates (V L and T R , respectively), a thermal analysis was also conducted during solidification. Microstructural characterization by optical microscopy, SEM/EDS elemental mapping and microanalysis of the punctual EDS compositions allowed to observe the presence of an Al-rich dendritic phase (Al (α) ) with interdendritic phases second composed of an eutectic mixture: Al (α-eutectic) + Si + Al 8 Mg 3 FeSi 6(π) + Mg 2 Si (θ) . Furthermore, the dendritic microstructure was characterized by measuring the secondary dendritic spacings (λ 2 ) along the horizontally solidified ingot. Higher HV values were observed within the eutectic mixture.
Introduction
It is known that aluminum-based multicomponent alloys due to their high strength/weight ratio have been considered as one of the most promising materials for application in the automotive and aerospace industries as well as in those referring to electrical and naval engineering . Depending on the product, these alloys can be classified as plastic deformation and/or casting alloys. Among these alloys, especially those for casting, are highlighted those containing silicon as the main alloying element. In Al-Si alloys, the addition of some alloying elements (Mg and Cu, as example) increases the strength by solid solution or precipitation hardening 32 . This hardening occurs through the formation of barriers that hinder the movement of dislocations. It is highlighted that the Al-(5 to 12)wt%Si casting alloys with addition of magnesium ranging from 0.2 to 0.5 wt% allows the hardening of the matrix by precipitation of second phases, with emphasis to the Mg 2 Si phase, after solution and artificial aging heat treatments [29] [30] [31] [32] . It is important to emphasize that the mechanical properties of as-cast products depend on grain size, dendritic, lamellar or fibrous spacing, heterogeneities of chemical composition, size, shape and distribution of inclusions, formed porosity, etc., whose characteristics are controlled and improved by refining the microstructure [11] [12] [13] [14] [15] [16] . It is known that the dendritic morphology is the microstructure predominantly observed in castings, whose characterization consists of the quantification of a structural parameter known as interdendritic spacing, which is obtained by measuring of the primary (λ 1 ), secondary (λ 2 ) and tertiary (λ 3 ) dendrite arm spacings. These parameters are used to determine the effects of the solidification conditions, notably by the thermal parameters among which the growth rate (V L ) and cooling rate (T R ). It is a consensus from the works reported in the literature [2] [3] [4] [5] [6] that the mathematical expressions that characterize the dependence of the dendritic spacings with the solidification thermal parameters are described by the following general formula λ 123 =Constant.(V L , T R ) a , where the constant and exponent values depend on the types of alloys and the growth direction (vertical/horizontal) of the solidification process. In the case of unsteady-state directionally solidified binary alloys, both theoretical and experimental mathematical equations that correlate λ 2 as a function of V L and T R , the proposed exponents are -2/3 and -1/3, respectively. It is highlighted the mathematical model of Bouchard-Kirkaldy 16 that predicts the growth of λ 2 as a function of V L is given by λ 2 α V L -2/3 , whose exponent (-2/3) has been validated by several experimental investigations on unsteady-state directional solidification of aluminum-based binary and multicomponent alloys, for both horizontal and vertical directions 2, 16, 17, 23, [25] [26] [27] [28] 38, 39 . , which has been validated by works elaborated by the own authors 22 and, more recently, by our investigations with horizontally solidified Al-Si-Cu alloys 25, 27, 28 .
Although the literature has presented in the last decades a large number of studies on the structural evolution of casting alloys, due to the number of operational and thermal parameters involved during the solidification, several aspects of physical nature related to the formation of the macrostructure and microstructure of products obtained by casting still need to be effectively understood, especially with respect to the solidification growth direction and, consequently, the effect of the gravity that acts during the process. It is evidenced from the literature that most studies on directional solidification consider the upward direction, where the direction of the gravity is parallel to that of heat extraction, but contrary to the advance of solidification, promoting better thermal stability to the process 2, 5, 6, 8, 9, 17, 18, 23, [25] [26] [27] 31, 36 . On the other hand, in horizontal solidification, the gravity is perpendicular to the heat flow and solidification advance direction and, in this case, thermal instabilities are always present due to the effects of thermal and solutal convections 3, 4, 21, 25, 28, 37 . In a recent study 25 , the Al-4wt%Si-6wt%Si alloy was solidified upwards and horizontally and the effect of the gravity has been discussed, where microanalyses by EDS compositons have shown that the dendritic microstructure is more refined, and that the results of the microssegration demonstrated that in upward solidification the Si is more confined between the interdendritic branches reducing the λ 1 and λ 2 values.
The composition of Al-Si alloys is determined by the amount of iron impurity present. It is emphasized that iron (Fe) levels generally vary from 0.04% (best primary metal) to 0.50% (secondary metal), with typical primary levels in the 0.1 to 0.2% range 30, 32 . In this sense, the formation of Fe-intermetallic phases during the solidification of Al-Si alloys is inevitable, as can be seen by the solidification paths of Al7Si0.15Fe and Al7Si0.3Mg0.15Fe alloys shown in Figure 1 . It is observed that for Al-Si hypoeutectic alloys ( Figure 1a ) the microstructure is predicted to consist of a primary phase (Al α ) and by an eutectic mixture Al (α-eutectic) + Si + Fe intermetallic located between the Al α phases. On the other hand, the theoretical prediction of the microstructure for the alloy for the Al7Si0.3Mg0.15Fe alloy consists of a Al-rich primary phase (Al (α) ) and an eutectic mixture resulting from complex transformations of secondary phases, containing the eutectic phase Al (α) and intermetallic compounds, i.e: Al (α-eutectic) + Si + Al 8 Mg 3 FeSi 6 (π) + Mg 2 Si (θ) + Fe intermetallic. Figure 2 shows, for the Al7Si0.3Mg0.15Fe alloy, a prediction illustration of the microstructural evolution with the respective formation start temperatures of each phase shown by the solidification path ( Figure 1b) .
The dependence of the microhardness (HV) on the microstructure in Al-based binary and multicomponent alloys has been investigated for several directional solidification systems 23, 28, 38, [41] [42] [43] [44] [45] [46] [47] [48] and the results obtained in these studies have shown that power and Hall-Petch types experimental equations may characterize the variation of HV with λ 1 , λ 2 and λ 3 , of which the alloys containing the Si as the major alloying element with Cu/Mg/Sn addition are highlighted. This can be seen in Table 1 .
Chen et al. 30 have proposed a study on the interconnection between solidification microstructures with T6 heat treatment, whose results showed that more refined dendritic microstructures, i.e., smaller secondary dendritic spacings inherited greater yield strength (σ YS ) and ultimate tensile strength (σ UTS ) after heat treatment. These authors have proposed to the literature for the as-cast Al-7wt%Si-0.3wt%Mg alloy the following mathematical equations: σ YS = 0.0041(λ 2 ) 2 +0.118(λ 2 ) + 111.1 and σ UTS = 0.029(λ 2 ) 2 +1.72(λ 2 ) + 155.8. In Al-Si cast alloys the Si particles have a plate (or lamellar) type morphology, which acts as initiators for crack propagation and has a negative influence on ductility. This can be improved by changing the morphology of the Si from lamellar to fibrous or spheroidal, imposing, for example, high cooling rates (T R ) during solidification, or by the addition of a chemical modifier or by heat treatment, or by a combination of such processes. The microstructural characteristics and properties corresponded presented by the multicomponent Al-7wt%Si-0.3wt%Mg-0.15wt%Fe alloy, very well designed during the solidification and heat treatment processes, allow it to be one of the most applied aluminum-based nonferrous metal alloys in the aerospace and automotive industries 30, 32 . As can be seen from Table 1 , HV dependence on the microstructure has been evaluated as a function of the dendritic spacing values, however, there is still a gap in the literature about a study of the effects on microhardness of primary and secondary phases that are form during the solidification path of Al-based ternary alloys, in particular on horizontal solidification of AlSiMgFe alloys. Thus, the goal of this paper is to analyze the relationship between aluminum-rich/ intermetallic phases and microhardness of the horizontally solidified Al-7wt.%Si-0.3wt.%Mg-(0.15wt.%Fe) alloy. In addition, the microstructural evolution in aluminum alloys has been evaluated in the majority for binary alloys and, in this sense, there is still a great vacancy in the literature on studies of directional solidification, especially in the horizontal direction.
Experimental Procedure
The Al-7wt%-Si-0.3wt%Mg-0.15wt%Fe alloy was elaborated and directionally solidified in a water-cooled horizontal solidification device. Figure 3 shows a schematic of the device used to perform the horizontal solidification of the investigated alloy. It has been detailed and recently published 28 and it was designed for the heat extraction process to be conducted only by a cooled mold plate, located on one of the sides of a stainless steel rectangular mold, which has the following dimensions: thickness of 3 mm, a length of Al-1wt.%Fe-1wt.%Ni HV = 21.5+59.5(λ 1 )
Bertelli et al. 150 mm, a height of 60 mm, and a width of 60 mm. It can be noted in Figure 3 , within the dashed line area. A thermal mapping was performed during the solidification process by a set of six thermocouples inserted in the liquid metal, which were positioned from the cooled mold. Figure 4 shows the cooling curves obtained, for each thermocouple, which were used to determine experimentally the solidification kinetic. It has been represented by a powertype mathematical expression given by P = Constant.(t) n , where "P" is the liquidus isotherm displacement and "t" is the time corresponding to the passage of this isotherm for each thermocouple, and the derivative of this equation allowed to obtain the growth rate (V L ), i.e., V L = d[Constant. (t) n ]/dt. The cooling rate has been determined by the derivative of each curve [T = f(t)] obtained experimentally, i.e., T R = dT/dt for "t" equal to the time of passage of the liquidus isotherm for each thermocouple. This methodology has been detailed in several of our articles 3, 4, 21, [25] [26] [27] [28] . In order to reveal the macrostructure and microstructure, the resulting ingot was subjected to traditional metallography techniques, i.e, it was mechanically polished with abrasive papers and subsequently etched with a solution 70 ml of H 2 O, 10 ml of HCl, 15 ml of HNO 3 and 5 ml of HF ~ 30s for macrograph examination, and selected longitudinal (parallel to the growth direction) sections of the directionally solidified samples at 6, 10, 15, 20, 30, 50, 80 and 100 mm from the cooled interface were electropolished and etched with an solution of 5% of NaOH in water ~ 10s for micrograph examination. It was carried out to characterize and quantify the secondary dendrite arm spacing (λ 2 ).
The mechanical strength of the studied alloy was evaluated by microhardness measurement. It has been carried out in the center of the dendrite, aluminum-rich phase, as well as in the eutectic mixture located in the interdendritic region of the Al-7wt%Si-0.3wt%Mg-0.15wt%Fe alloy. Figure 5 shows a representative scheme of the methodology used in this work to obtain the λ 2 and HV values. It is emphasized that at least 10 and 20 measurements were obtained for HV (in each region) and λ 2 , respectively. In the case of microhardness the quantity of measurements occurred in several points of interdendritic regions. A scanning electron microscope (SEM TESCAM, VEGA LMU) coupled to an energy dispersion spectrum (EDS X-MAX 20, Oxford) was used during microstructural characterization, and the microhardness measurements were carried out using by Shimadzu HMV-2 model hardness measuring test device using a 50 g load and a dwell time of 10 seconds. , respectively. It is known that the local solidification time is the time corresponding to the passage of the solidus and liquidus isotherms (T E and T L shown in Figure 4 , respectively) by a certain position in the casting 25 , and the t SL has been reported in the literature 7, [25] [26] [27] [28] to be determined by the following analytical expression
Results and Discussions
Is obvious that lower V L and T R values have been observed for positions further away from the cooled interface, due to an increasing formation of the solid, which imposes a thermal resistance to the heat extraction by conduction and, as consequence, an increasing profile of λ 2 has been observed with the advance of horizontal solidification. This is clearly seen by the three micrographs (6, 40 and 90 mm) shown in the upper part of the macrograph (Figure 6a ) the coarser microstructure from the cooled interface. Figure 7 shows SEM micrographs with EDS/mapping microanalysis for two longitudinal samples in the assolidified ingot from the cooled interface. Microanalysis has been performed by mapping elements to a linear length through several secondary braches. It is observed, for both cases, that the line intercepts the primary and interdendritic phases. Obviously, this is evidenced higher spectra peaks for the Si, Mg and Fe elements within the intedendritic region which have allowed to form the eutectic mixture consisting of Al (α-eutectic) + Si + Al 8 Mg 3 FeSi 6 (π) + Mg 2 Si (θ), as seen theoretically by Figures 1 and 2 .
In this work, the HV dependence on the thermal and structural parameters of the Al-7wt.%Si-0.3wt.%Mg alloy has been evaluated by measuring of HV in the phases of the Al-rich (Al α) and interdendritic [Al (α-eutectic) + Si + Al 8 Mg 3 FeSi 6 (π) + Mg 2 Si (θ)] regions. Figure 8 shows the experimental results of HV = f (P, V L , T R and λ 2 ), where P is liquidus isotherm position. It is observed that higher HV values were obtained in the interdendritic regions, in which Si + π + θ particles of high hardness are present. Vasconcelos et al.
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, Araújo et al. 28 and Souza et al. 40 have found higher HV values for Al-Si multicomponent alloys with addition of Cu and Mg and the authors have attributed to the presence of intermetallic phases (Al 2 Cu and Mg 2 Si) of high hardness in the interdendritic region of the as-solidified samples. In contrast to the procedure adopted in the present study, these authors did not perform HV measurements in the Al-rich and eutectic phases, the HV values reported by them were the means of 20 measurements obtained directly in the casting samples. Figure 9 presents, for one of the analyzed samples (P = 20 mm), the effect of Al-rich (dendritic primary phase) and interdendritic (eutectic mixture) phases on the formation of microindentation caused during the application of the load for HV measurement. It is noted that the HV microindentation is smaller in the region of greater hardness, in which the phases of eutectic composition of higher HV values are In order to analyze the phases present during the solidification process of the investigated alloy, SEM/EDS mapping and microanalysis of the EDS compositions have been elaborated in the sample positioned at 100 mm of the refrigerated interface, position of the liquidus isotherm where higher HV values were found, and the results are shown in Figure 10 . It is seen in Figure 10a It was possible to verify in Figures 8a and 9 that the maximum HV value was obtained at position 100 mm, in which, although this position presents the lowest T R and higher λ 2 values (see Figures 8c and 8d) , the Si particles are in larger size, in lamellar form and present high hardness, as can be seen in Figure 11 . It is also evidenced by SEM micrographs presented at the top of Figure 11 the influence of higher T R values in the formation of Si particles with fine and fibrous morphology. In a recent paper, Costa et al. 26 have evaluated the effects of T R on the size and morphology of Si particles in the Al-5.5wt%Si-3wt%Cu alloy, solidified in the upward direction and subjected to a precipitation hardening heat treatment. These authors have observed that for higher T R values the Si was found in the as-cast microstructure in the fibrous form and this has potentiated the its spheroidization after the solution heat treatment.
Conclusions
The major conclusions can be drawn from the present investigation:
1. SEM / EDS mapping combined with microanalysis of the EDS compositions showed that the as-cast microstructure of the Al-7wt%-Si-0.3wt%Mg-0.15wt%Fe alloy consists of: an aluminum-rich dendritic phase (Al (α) ) and a eutectic interdendritic were found at the position equal to 100 mm from the cooled interface, where the Si particles in the plate-type morphology of larger sizes and higher harder are present.
